Abstract We have observed substantial differences in angiogenic responsiveness in mice and have mapped the genetic loci responsible for these differences. We have found that the albino mutation is one of the loci responsible for such differences. Using B6.A consomic strains, we determined that chromosome 7 bears a locus that inhibits VEGF-induced corneal neovascularization. F2 crosses between B6.A\ Chromosome 7[ consomic mice and C57BL/6J parents along with AXB and BXA recombinant inbred strains demonstrated highest linkage near the tyrosinase gene. This region was named AngVq4. Congenic animals confirmed this locus, but could not demonstrate that the classical tyrosinase albino (c) mutation was causative because of the existence of additional linked loci in the congenic region. However, in 1970, a second tyrosinase albino mutation (c-2J) arose in the C57BL/6J background at Jackson Labs. Testing this strain (C57BL/6J\c-2J[) demonstrated that the albino mutation is sufficient to completely explain the alteration in angiogenic response that we observed in congenic animals. Thus, we conclude that the classical tyrosinase mutation is responsible for AngVq4. In contrast to the cornea, where pigmented animals exhibit increased angiogenic responsiveness, iris neovascularization was inhibited in pigmented animals. These results may partially explain increased aggressiveness in amelanotic melanoma, as well as ethnic differences in diabetic retinopathy and macular degeneration.
Introduction
Angiogenesis is the process by which new vessels are formed and is vital for growth and development. In normal adults, however, angiogenesis only occurs during wound healing and during the reproductive cycle. On the other hand it is a hallmark of several pathologies including cancer, arthritis, cardiovascular disease, macular degeneration, and diabetic retinopathy. Angiogenesis is regulated by the balance of stimulators and inhibitors, however we have observed that the interpretation of this balance by the organism differs in a genetically-controlled manner, with some inbred mouse strains much more responsive to angiogenic stimuli than others [1] [2] [3] [4] [5] [6] [7] .
Tyrosinase is a copper-dependant enzyme that catalyzes the oxidation of tyrosine to dopaquinone using molecular oxygen and releasing water [8] . Dopaquinone then spontaneously cyclizes to give rise to dopachrome-an indolic eumelanin precursor, or, in combination with cysteine, 5-Scysteinyldopa-a pheomelanin precursor. Spontaneous elimination of CO 2 from dopachrome will yield 5,6-dihydroxyindole (DHI), or dopachrome tautomerase can catalyze the formation of 5,6-dihydroxycarboxylic acid (DHICA). Further oxidation and polymerization of these products results in melanin formation. As is true of most enzymes that use molecular oxygen, tyrosinase can also generate reactive oxygen species (ROS), including superoxide and peroxide, under catalytic conditions. In addition, these reactive oxygen can be both produced and scavenged by melanin and melanin precursors. In addition to reactive oxygen, tyrosinase produces other small molecules. Dopaquinone can spontaneously disproportionate with phenols in aqueous solution. In the case of tyrosine this results in the production of dihydroxyphenylalanine (DOPA), a dopamine precursor. In addition to tyrosine, tyrosinase will catalyze the oxidation of several other phenols, as well as the oxidation of catechols. Indeed, DOPA or dopamine oxidation is required to activate partially reduced mettyrosinase. Thus, tyrosinase can give rise to as well as catabolize several molecules that can regulate angiogenesis including dopamine and other catecholamines [9, 10] , as well as reactive oxygen species [11] .
A tyrosinase null, or albino, mutation in mice has been known since ancient times [12] . Indeed, this mutation factors importantly in the history of genetics. The first published demonstration of linkage was made using this locus and the pink-eyed dilution locus [13] . In addition to pigment deficiencies, other abnormalities have been noted in albino animals. For example, they exhibit abnormal optic chiasma and other neural anomolies attributable to abnormal neuronal guidance. In addition to developmental neural anomolies, Page-McCaw et al. [14] have found that ongoing tyrosinase activity, and not merely initial pigment production, is required for normal retinal light sensitization in zebrafish. This deficit is partially rescued by the addition of L-DOPA demonstrating that tyrosinase DOPA production can be physiologically important.
Materials and methods

Mouse strains and corneal micropocket assay
The corneal micropocket assay was performed as described [15] using pellets containing 10 ng of FGF2 or 200 ng carrier free human recombinant VEGF 165 (R & D Systems, Minneapolis, Minnesota). The area of vascular response was assessed on the fifth (FGF2) or sixth (VEGF) postoperative day using a slit lamp. Vessel area was calculated using the formula 0.2p 9 VL 9 CH where VL is vessel length from the limbus in mm and CH is clock hours around the cornea. Attempts were made to make comparable measurements by holding mice until several strains could be assayed at once thus reducing lot-to-lot variability in the pellets and reducing pellet age differences. This resulted in mice of several different ages being assayed, however in cases where the same strain was assayed at different ages there was no significant difference in results.
At least five mice (10 eyes) per strain were analyzed and similar numbers of control C57BL/6J were included in each assay to confirm consistency. All mouse strains were obtained from Jackson Laboratories (Bar Harbor, Maine) and were housed in Children's Hospital's animal facility on standard diet and bedding until the assay was performed. All animal studies were conducted according to protocols approved by the Institutional Animal Care and Use Committee of Children's Hospital.
Genotyping and mapping
Windows QTL Cartographer version 2.5 [16] Chr7 subcongenic animals by generating by intercrossing the progeny of a C57BL/6J 9 B6.A Chr7 mating to generate F2 animals. These animals were genotyped and animals exhibiting appropriate crossover events were then selected for backcrossing with C57BL/6J animals. Progeny bearing the recombinant chromosome were intercrossed and animals homozygous for the recombinant chromosome were selected as founders for the subcongenic lines.
Migration assays
Human microvascular endothelial cells (Cambrex, Walkersville, MD) were maintained in EGM-2 (Cambrex, Walkersville, MD) according to the vendors instructions and used before passage 7. Bovine capillary endothelial cells (a kind gift of Dr. Judah Folkman) were maintained in DMEM containing 10 % FBS (Gibco, Carlsbad, CA), 1 9 penicillin, streptomycin, glutamine (Gibco), and 2 ng/ml bFGF. Polycarbonate transwell inserts, 6.5 mm diameter with 8.0 um pores, were coated with fibronectin (BD BioScience, San Jose, CA), Type I rat tail collagen (Upstate, Lake Placid, NY), or left uncoated. Cells were harvested and resuspended in EBM (Cambrex, Rockland, ME) containing 0.1 % BSA (Fisher Chemical). 10,000-20,000 cells/well were plated onto wells containing media alone. These wells were suspended above wells containing medium conditioned by either pigmented Melan-c cells, or their unpigmented counterparts. Alternatively, cells were suspended above EGM-2 with or without purified tyrosinase (Enzo Life Sciences, Farmingdale, NY); 50 lM 3,4-DOPA (SigmaAldrich, St. Louis, MO), or 100 lM 5,6-DHI (Chem-Impex International, Wood Dale, IL). Cells were allowed to migrate for 4 h. Membranes were rinsed once in PBS, then fixed and processed using Diff-Quick (Dade diagnostics, Aguada, PR). Cells on the top of the membrane were removed using cotton-tipped applicators and the membrane was removed from the insert using a scalpel. Membranes were then mounted on slides, and the number of cells in a microscopic field was counted either manually, or with computer assistance using Scion Image.
Results
The albino mutation affects VEGF-induced angiogenesis
In order to ascertain which chromosomes might harbor angiogenesis-regulating loci, we screened the B6.A consomic strain set. This consists of a set of strains in which a chromosome from C57BL/6J has been replaced with the corresponding A/J chromosome [17, 18] . This screen identified differences in angiogenic responsiveness resulting from loci on chromosomes 2, 4, 7, 10, 18, X, and Y (Fig. 1a) . Because we had observed linkage on chromosome 7 in separate studies on bFGF responsiveness [19] , we chose this chromosome for further mapping of the loci responsible for differences in angiogenic responsiveness. To do this, we used two strategies, F2 intercross, and recombinant inbred strain cross.
Using the consomic C57BL/6J Chr7A strain (which bears the classical albino mutation and is thus white in color) and C57BL/6J as parents, we generated 56 F2 progeny. These progeny are B6 at all but chromosome 7, where they are a mixture of homozygotes and heterozygotes for each of the parental alleles. Genotyping and phenotyping revealed that markers near the albino locus showed the strongest association with angiogenic responsiveness (Table 1) and albino-bearing subcongenic lines generated from this cross also showed significant decreases in angiogeenic responsiveness (Fig. 2a) . We observed a similar association in recombinant inbred mice. All available members of the BXA and AXB recombinant inbred strain sets were typed. These animals were generated by repeated sibmating of the progeny of A/J 9 C57BL/6J and C57BL/ 6J 9 A/J crosses. During this process, recombinations are generated and then fixed as a result of inbreeding. Thus they represent a homozygous recombination of the C57BL/ 6J and A/J genomes with a higher recombination frequency than typically observed in F2 animals. Using only marker data from chromosome 7, we observed that markers near the albino locus were also most strongly associated with the decrease in vessel area observed in the C57BL/6J Chr7A consomic animals (Fig. 1b) , with this locus explaining up to 25 % of the variance observed in this strain set.
To test the hypothesis that the albino mutation itself is responsible for the differences that we observed in consomic, F2, and RI strains, we turned to the c-2J mutation. While the classical albino mutation (c), has been propagated in several classical mouse strains, the c-2J mutation arose independently in 1970 at the Jackson Laboratory in the C57BL/6J background. The C57BL/6J c-2J strain thus contains a single difference with the parental strain (i.e. it is not a congenic with multiple differences carried along with the mutation to be tested). VEGF-induced corneal neovascularization was reduced in C57BL/6J c-2J mice to the same extent as in C57BL/6J
Chr7A animals (Fig. 2b ) indicating that the albino mutation is sufficient to account for the decrease in VEGF-induced corneal neovascularization seen in the consomic animals. Histological analysis of corneas from the two strains showed no structural differences between them.
Interestingly, we had previously observed no significant difference in bFGF-induced corneal neovascularization between C57BL/6J c-2J and C57BL/6J mice [1] . This might have been due to the fact that the C57BL/6J c-2J strain had undergone two additional backcrosses in the intervening time, leading to the possibility that genetic drift in the animals used in the original results may have masked a difference. To confirm this we repeated those bFGF experiments (Fig. 2b) . Again, we found no difference in bFGF-induced corneal neovascularization with 80 ng pellets, however with 160 ng pellets we saw a decrease in angiogenic response in the C57BL/6J c-2J mice consistent with that observed with 200 ng pellets of VEGF.
While we had previously observed no difference in bFGF-induced corneal neovascularization with 80 ng pellets, we had observed a significant increase in iris neovascularization (with hyphema formation) in C57BL/ 6J c-2J animals at high bFGF doses. To test whether this difference is also observed at high VEGF doses, we performed the corneal neovasculariztion assay with pellets containing 800 ng VEGF (Fig. 3) . This resulted in significant hyphema formation in C57BL/6J c-2J , but not in the pigmented controls. These same animals exhibited significantly lower corneal neovascularization than pigmented wild-type animals demonstrating that differences VEGF dose cannot account for these differences. Histological analysis demonstrated that C57BL/6J c-2J irises were slightly thinner than wild-type, consistent with the absence of pigment granules in these eyes.
Pigment production can alter endothelial cell activity in vitro
In order to ascertain whether the inhibitory effects that we observed in the iris were a direct result of pigment production, or the animal's adaptation to differential pigment production in the two strains, we assayed the ability of melanocytes to affect angiogenesis and in vitro endothelial cell function. To do this, we used the Melan-c cell line and a derivative of that cell line in which the albino mutation was corrected using RNA-DNA oligonucleotides [20] . We observed that the ability of bovine capillary endothelial cells and human dermal microvascular endothelial cells to migrate to serum-containing media were reduced in the presence of tyrosinase, pigmented melanocytes, or conditioned media from those cells compared to albino controls (Fig. 4a) . Similarly, the tyrosinase products L-DOPA and DHI inhibited human dermal microvascular endothelial cell migration (Fig. 4b) . These results indicate that intermediate products of pigment formation can inhibit angiogenic processes.
Discussion
These results demonstrate a causal connection between melanin production and angiogenic differences in animals. There are at least two major classes of tyrosinase products that may be responsible for the differences in angiogenic responsiveness. First, melanin intermediate products including DHI and catecholamines such as DOPA which are produced as side products of tyrosine oxidation, but can also serve as substrates for, and thus be consumed by, tyrosinase [21] [22] [23] [24] . Second, reactive oxygen species that are produced as a result of tyrosinase activity and eliminated by the antioxidant characteristics of melanin have been shown to alter angiogenic processes [25] . One of the most intriguing outcomes of this study is the observation that the same mutation can have opposite effects on the same process in different tissues. The albino mutation increased VEGF responsiveness in the cornea, but decreased it in the iris. One explanation for this difference may be differing sensitivities of different endothelial cell types to melanin intermediate products. Alternatively, differences in the tissue levels of various intermediate melanin products may explain these results. For example, different catecholamines produce pro-and antiangiogenic effects. While dopamine is antiangiogenic at pharmacologic doses [9] , the other products of dopamine betahydroxylase (including epinephrine and norepinephrine) are proangiogenic and are required for normal angiogenesis in a hindlimb ischemia model [26] . Interestingly the inhibitory effect which we observe of the melanin intermediate 5,6-dihydroxyindole (DHI) on endothelial cell migration has not previously been observed and may contribute to the lower level of iris neovascularization in C57BL/6J.
An additional mechanism by which tyrosinase might regulate angiogenesis is reactive oxygen species. High concentrations of reactive oxygen is believed to be responsible for a general cytotoxicity observed in and adjacent to cells producing melanin. However lower levels of exogenous ROS can stimulate VEGF production in endothelial cells [27] as well as induce in vitro behavior in endothelial cells that is predictive of angiogenesis such as migration and proliferation [25] . The signaling mechanism involved in these changes is currently being defined. Reactive oxygen species can modify a number of angiogenesis-signaling molecules within cells including tyrosine and serine phosphatases, transcription factors, and lipids leading to altered signaling in endothelial cells [28] as well as associated cells [29] . In vivo, ROS appear to be produced as second messengers by a class of non-phagocytic NAD(P)H oxidases (Nox) [30] . For example, in scratch migration assays, ROS are induced in migrating cells and Nox2 is translocated to the leading edge of the cells. Inhibition of ROS accumulation by Nox2 siRNA, PEGcatalase, or N-acetylecysteine inhibited cell migration suggesting a requirement for ROS for full migratory activity in this assay [31] . Whether reactive oxygen products contribute to either corneal or iris neovascularization in this model remains to be determined.
These findings in this paper correlate with an observation in melanoma research. Amelanotic melanoma is believed to be biologically more aggressive than melaninproducing melanoma [32] . This difference may be attributable to differences in angiogenesis. Radial growth is much more common in melanotic melanomas than in amelanotic melanomas [33] . Since such growth may be a result of a failure to initiate angiogenesis efficiently [34] , this may be a result of inhibition of angiogenesis similar to that observed in the iris of pigmented animals. This also indicates that pigment production per se, through its effects on angiogenesis, may be responsible for differences in growth characteristics in melanoma.
Choroidal pigmentation varies dramatically among various ethnic groups [35] . Marked racial differences have been reported for choroidal neovascularization in AgeRelated Macular Degeneration (ARMD). While Caucasians and African-Americans have a similar prevalence of nonexudative form of ARMD, there is a disparity in the prevalence of neovascular form. Gregor and Joffe demonstrated that Caucasians had a 3.5 % incidence of exudative ARMD compared to 0.1 % for African-Americans [36] . The Baltimore Eye Survey reported that ARMD accounted for 30 % of bilateral blindness among Caucasians (usually the resulting from the exudative form of ARMD) as compared to 0 % for African-Americans [37] . Thus angiogenesis is lower in the human pigmented choroid in much the same way that it is lower in the iris of pigmented mice. In contrast, in the unpigmented retina, severe diabetic retinopathy has been found to be more frequent in African Americans than in whites. While these differences have traditionally been explained by differences in blood sugar control, recent studies demonstrate that hemoglobin A1c levels (a surrogate for blood sugar control) cannot control for these differences. This indicates that differences in diabetic retinopathy may arise from genetic differences among individuals of differing ethnicity [38] . These effects in the unpigmented retina, which lies above the pigmented choroid, mimics our observations in the unpigmented cornea which lies above the pigmented iris. In both cases the tissue containing pigmented melanocytes has reduced angiogenesis whereas the nonpigmented adjacent tissue has higher angiogenic responsiveness. Thus diffusible versus nondiffusible angiogenesis regulating factors produced by melanocytes may contribute to the differences in the angiogenic balance immediately adjacent to melanocytes versus the neighboring tissues.
